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Abstract 
Based on structural, electrical and THz characterization of [100]-tilt YBa2Cu3O7-x bicrystal junctions, 
criteria have been formulated for the “ideal” high-Tc Josephson junction: a single crystallographic facet 
for each high-Tc electrodes at the bicrystal boundary, optimal oxygen content inside the boundary, IcRn-
values up to 10 mV, phonon-induced structures on the I-V curves at the voltages from 4 to 12 mV at T = 
4.2 K and RSJ-like I-V curves at T ≥ 50 K within an accuracy of 1%. When compared with the “ideal” 
low-Tc junctions, the “ideal” high-Tc junctions are characterized by the IcRn-values of around 4-5 times 
below Ambegaokar-Baratoff value πΔ(0)/2 and strong interaction between Josephson oscillations and 
optical phonons of electrodes. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 
Electrical transport properties in high-Tc superconductors are limited by grain boundaries even at low 
angles of mutual crystallographic grain misorientations and, at high misorientation angles, these grain 
boundaries even demonstrate Josephson behavior [1]. Bicrystal technology is widely used to fabricate 
grain boundaries of various configurations and a large range of misorientations [2]. Previously, the main 
development was focused on the [001]-tilt bicrystal junctions [1]. However, much better structural and 
electrical parameters have been found for [100]-tilt high-Tc junctions [3]-[7]. First, it was obtained that 
spatial distributions of local electrical transport properties of [100]-tilt YBa2Cu3O7-x junctions are more 
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homogeneous than that of the [001]-tilt junctions [3], [4], and then, after dc characterization, it was found 
that the IcRn-products might reach the record-high values of 8 mV [5]-[7], which is of around three times 
higher than that of the [001]-tilt junctions.  
After first pioneer publications [3]-[7], a potential of the [100]-tilt high-Tc bicrystal junctions was 
confirmed in a set of publications [8]-[10], where Al2O3 bicrystal substrates were used [8], an asymmetric 
configuration of c-axis tilts was suggested [9], a new high-Tc material (Hg,Re)Ba2CaCu2Oy was used [10]. 
However, high IcRn-values, close to those of [5]-[7], were obtained only in the publication [11], where the 
work described in [5],[6] was reproduced  in details, including the sɚme SrTiO3 substrates, a similar 
sputtering technique and apparatus. 
Starting from consistency and reproducibility of I-V curves and high-frequency behaviour for low-Tc 
superconducting point contacts, a concept of an “ideal” junction was introduced in late 70th of last century 
[12]. In a similar way, here, we present our approach to the “ideal” high-Tc Josephson junction, based on 
our study of [100]-tilt YBa2Cu3O7-x bicrystal junctions. 
2. Experimental results for [100]-tilt YBa2Cu3O7-x bicrystal junctions 
The first crucial point in this way towards the ideal high-Tc Josephson junction is quality of the base 
epitaxial YBa2Cu3O7-x thin-film electrode with various c-axis orientations. Epitaxial YBa2Cu3O7-x thin 
films with tilted c-axis orientations were fabricated on the SrTiO3 and NdGaO3  substrates in the range of 
substrate tilt angles α from 0° to 45° [13]-[16]. The main modifications of specific resistance ρ(T) and 
critical current densities jc(T) along the tilt took place for α  from 0° to 18.4°. From the α-dependencies of 
ρ(T) an electrical anisotropy ρɫ(100Ʉ)/ρab(100Ʉ) of 100 was found for our films, which is between the 
values ρɫ(100Ʉ)/ρa(100Ʉ)=63 and ρɫ(100Ʉ)/ρb(100Ʉ)=120 for YBa2Cu3O7-x single crystals [17].  
 The second critical point is quality of bicrystal substrates. Numerous voids are usually observed along 
bicrystal boundaries in available substrates. To fabricate a high-quality [100]-tilt high-Tc Josephson 
junction, either the void sizes should be less than the submicron grain size along the c-axis tilt, or void 
density should quite low, of the order of a few voids per 100 μm of the bicrystal boundary.  
Images of a cross section at nanoscale, surface morphology and spatial distribution of laser-induced 
thermoelectric voltages at microscale for our 70nm-thick [100]-tilt YBa2Cu3O7-x bicrystal junctions are 
presented in fig. 1. As follows from TEM image in fig. 1a, the junction electrodes consist of the thin films 
with mutually tilted c-axes. Thin-film electrodes contain growth islands of a few micrometers in the 
direction perpendicular to the tilt and 0.2-0.3 μm in the direction of the tilt (fig. 1b). The growth islands in  
 (a)   
Fig. 1. Images of [100]-tilt YBa2Cu3O7-x bicrystal junctions on SrTiO3 substrates: (a) nanostructure of the cross section by TEM; (b) 
surface morphology by AFM, (c) spatial distribution of laser-induced thermoelectric voltages at 300 K [4]. 
(b) (c) 
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both electrodes are arranged in the form of terraces, with the step heights of 5-20 nm and main planes 
tilted on ±12°  to the normal, so a V-type profile, is observed near the bicrystal boundary in the TEM 
cross section and AFM surface morphology (fig.1a,b). The amplitude of meandering of the YBa2Cu3O7-x 
bicrystal boundary with respect to the substrate bicrystal boundary is less than  20 nm, which is more than 
one order lower compared with that of the [001]-tilted YBa2Cu3O7-x bicrystal junctions. The improved 
nanostructure of [100]-tilt YBa2Cu3O7-x bicrystal junctions was reflected in higher spatial homogeneity of 
electrical transport through these junctions, which follows from our measurements of spatial distributions 
of laser-induced thermoelectric voltages of these junctions [3],[4] and is presented in fig.1c. A dual 
polarity line along the bicrystal boundary of the [100]-tilt YBa2Cu3O7-x bicrystal junctions in fig. 1c goes 
without any modulation in intensity, in contrast to similar measurements for [001]-tilt YBa2Cu3O7-x 
bicrystal junctions [3], and it shows high homogeneity of electrical transport through  these junctions.  
IV-curves of two 1μm-wide [100]-tilt YBa2Cu3O7-x junctions fabricated on 2×12° SrTiO3 (a) and 
2×10.5° NdGaO3 (b) bicrystal substrates are presented in fig. 2 by solid lines. The experimental IV-curves 
at 77.3 K and low-voltage range were very close to the fitted RSJ IV-curves (dotted lines). Differences of 
the experimental curves and fitted ones at 77 K are only observed at higher bias voltages above 5 mV, 
and are related to the enhanced flux-flow contribution from the tilted YBa2Cu3O7-x electrodes. A form of 
this extra contribution to IV curves of the junctions was confirmed by separate measurements of the IV 
curves of narrow bridges made from YBa2Cu3O7-x thin films with same tilt angle of the c-axis as in 
bicrystal junctions. The ratio of critical currents Ic for the thin-film electrodes with tilted c-axes and the 
[100]-tilt junction was in the range of 5-10 for our junctions.  If this ratio is lower than a difficulty will be 
faced with an accurate defining of the normal-state resistances Rn of the junctions. Therefore, these Rn 
values and, correspondingly, IcRn-values for the junctions might be overestimated. 
 The experimental values of normal-state resistances Rn at 4.2 K were practically equal to those of at a 
temperature of 77.3 K, which is in accordance with a tunneling model of current transport across the 
bicrystal boundary. The RSJ IV-curve for the junction on NdGaO3 substrate  calculated from 
experimental value of critical current Ic at 4.2K and Rn-value determined from the fit at 77.3 K (lower 
dotted curve in fig.  2b) was found in general very close to the experimental curve (upper solid curve).   
This experimental IV-curve at 4.2 K demonstrates a small voltage jump at currents close to Ic and 
deviations from RSJ-curve of a few percents at 4-10 mV, which might be attributed to an interaction of  
 (a)     
 
 (b)     
 
Fig. 2. The IV-curves of [100]-tilt YBa2Cu3O7-x junctions fabricated on 2×12° SrTiO3 (a) and 2×10.5° NdGaO3 (b) bicrystal 
substrates at temperatures of  4.2 K and 77.3 K (solid lines). The corresponding RSJ-like IV-curves with the same values of the 
critical currents Ic and normal-state resistances Rn as for experimental data are shown by dotted lines. The values of IcRn-products are 
equal to 1.1 mV and 9.8 mV at 77.3K and 4. 2 K for junction (a), 0.9 mV and 7.8 mV at 77.3 K and 4. 2 K for junction (b).   
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Josephson oscillations with environment of the junction.  More pronounced deviations from RSJ curve 
(upper dotted curve in fig.2a) were observed at low-temperature experimental IV-curves of the junctions 
fabricated on SrTiO3 bicrystal substrates (upper solid curve in fig.2a). A large hysteretic region at I ≤ Ic 
with a back jump from a finite voltage value and a 30%-deviation from RSJ curve indicate an intensive 
interaction of Josephson oscillations with the environment of the junction.  
The values of IcRn-products are equal to 1.1 mV and 9.8 mV at 77.3 K and 4. 2 K, correspondingly, for 
the junction (a), 0.9 mV and 7.8 mV at 77.3 K and 4.2 K for the junction (b). The highest IcRn-values 
obtained for our [100]-tilt junctions are still 4.5 times lower than the Ambegaokar-Baratoff value πΔ(0)/2 
[18], when the value of the energy gap ΔX = 29 meV [19] is taken into account. In general, the higher IcRn 
values were obtained for [100]-tilt YBa2Cu3O7-x junctions on SrTiO3 bicrystal substrates, but with a more 
hysteretic form of the IV-curves, when compared with the [100]-tilt YBa2Cu3O7-x junctions on NdGaO3 
substrates. The first circumstance might be related to various degrees of local strain in the YBa2Cu3O7-x 
grain boundary on bicrystal substrates made from cubic SrTiO3 and orthorhombic NdGaO3. The second 
circumstance might be due to higher electromagnetic losses, associated with soft phonon modes in 
substrate and oxygen disorder in YBa2Cu3O7-x bicrystal boundary, in the junctions fabricated on SrTiO3 
substrates, compared with that of on NdGaO3 substrates. 
Both types of [100]-tilt YBa2Cu3O7-x junctions demonstrate the maximum values of the critical current 
densities jc from (2÷4)⋅106 Ⱥ/ɫɦ2 at 4.2 Ʉ to around 2⋅105 Ⱥ/ɫm2 at 77 Ʉ, which are of the one order 
higher than those of [001]-tilt YBa2Cu3O7-x junctions. Due to higher crystallographic ordering, single-
facet nature of the bicrystal boundary and its specific symmetry, the order parameter in these new [100]-
tilt YBa2Cu3O7-x junctions is not depressed significantly as in the case of conventional  [001]-tilt junctions 
[1], [5]. Also, we can add, that the reproducibility of the electrical parameters of [100]-tilt YBa2Cu3O7-x 
junctions was higher than that of for [001]-tilt junctions and was limited by technological spread of 
geometry of the bridges crossing bicrystal boundaries and quality of bicrystal boundary of the substrates. 
Further improvement of [100]-tilt YBa2Cu3O7-x junctions was reached by low-temperature annealing in 
atomic oxygen, which resulted in a two-fold increase of the critical current density jc and RSJ-like IV-
curves with an accuracy of better than 0.5% at T ≥ 50 Ʉ [20]. The critical temperature of the YBa2Cu3O7-x 
thin-film electrodes and the IcRn-values of the YBa2Cu3O7-x junctions did not change after this annealing, 
that means all the changes take place in the bicrystal boundary of the junctions, i.e. in the tunneling 
barrier. Low-frequency fluctuations δIc of critical current and δRn of normal-state resistance in these 
annealed junctions for the first time demonstrated the same relative intensities and complete 
anticorrelation [21]. These circumstances should hold when both quasiparticle current and supercurrent 
are uniformly distributed across the barrier area or, at least, they are tunnelling through the same parts of 
the barrier. Taking into account that current transport in the normal state is spatially uniform, as shown in 
fig.1c, we can claim that the supercurrent will be also uniform in our [100]-tilt junctions.  
Josephson behaviour of [100]-tilt YBa2Cu3O7-x junctions have been estimated by the interaction of 
Josephson oscillations with the environment of the junction and external THz monochromatic radiation. 
In the case of weak interaction and validity of RSJ-model, an interaction of Josephson oscillations with 
frequency-dependent external admittance Yext(f) results in a modification ΔI(V) of the IV-curve, 
proportional to the real part ReY(2eV/h), i.e. losses in the junction environment [22]. Also, the response 
ΔI(V) of the junction to external electromagnetic radiation, when normalized to the suppression of the 
critical current ΔIc by the same radiation, give information on spectral dependence of Josephson 
oscillations [23]. It was found first, that I(V)-curves of [100]-tilt YBa2Cu3O7-x junctions at low 
temperatures contain a set of reproducible features at specific voltages,. Fine structure on the IV curve of 
one of our junctions at 5K is presented in fig. 3a. Most pronounced structure on the voltage dependence 
of the differential conductance dI/dV is observed at the voltages centered near 9.4 mV, smaller ones are 
situated at one half of this voltage, near 4.7 mV, at voltages near 7.4 mV and close to 12 mV.  According 
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(a)  (b) 
Fig. 3. (a): Differential conductance dI/dV vs. voltage V for [100]-tilt YBa2Cu3O7-x bicrystal junction, where  arrows 
show Josephson voltages Vi =hfi/2e, calculated from frequencies fi  of phonon modes in YBa2Cu3O7-x (insets); (b): 
Normalized responses ΔI(V)/ΔIc of [100]-tilt YBa2Cu3O7-x bicrystal junction with logperiodic antenna (inset) to THz 
laser radiation. 
to Josephson spectroscopy [22], these features on the IV curve localized at particular voltages Vi 
correspond to an increase of the shunting admittance Yext(f) of junction environment at several frequencies 
fi = 2eVi/h. Among various reasons for frequency-selective shunting of Josephson oscillation, optical 
phonon modes in junction electrodes look most probable. In fig. 3a, optical phonon modes with atomic 
displacements in YBa2Cu3O7-x are presented as insets and arrows indicate the voltage positions Vi, 
corresponding to the frequencies fi of these phonon modes, calculated from lattice dynamics [24].  
Phonons of both polarizations, along the c-axis and perpendicular to the c-axis, are presented in fig.3a 
and their frequencies are close to the Josephson frequencies of the junction where strong interaction with 
environment takes place. This is not surprising, because Josephson oscillations in the barrier of [100]-tilt 
junctions have a polarization of electric field at low angle 10°-12° to the a-b planes of YBa2Cu3O7-x 
electrodes and, correspondingly, have components along these planes and also in perpendicular direction, 
along the c-axis.  Due to the same reason, we included both transversal and longitudinal phonon modes 
[24] in comparison in fig. 3a and it looks as if both phonon excitations might be responsible for the fine 
structure on IV curves of these junctions.  
This assignment of phonon modes to lossy environment of the [100]-tilt junctions is true if these 
junction demonstrate the ac Josephson effect at these frequencies. The voltage dependences of normalized 
response ΔI(V)/ΔIc of [100]-tilt junction to THz laser radiation is shown in fig. 3b. The odd-symmetric 
resonances on the curves show an interaction of Josephson oscillations with laser radiation at frequency f 
so that it is a proof of the ac Josephson effect at this frequency f and the amplitude of the resonance gives 
information about the amplitude of Josephson oscillations. We observed the ac Josephson effect up to 
5.24 THz with declining amplitudes of oscillation from 1.5 THz to 5 THz. So, interaction with the 
strongest phonon mode in YBa2Cu3O7-x at around 4.6 THz (Vi = 9.4 mV) might be the main reason of 
weakening of the ac Josephson effect in the THz range for [100]-tilt  YBa2Cu3O7-x junctions. 
3. Conclusions 
The following criteria can be formulated for the “ideal” high-Tc Josephson junction: [100]-tilt bicrystal 
type with a single crystallographic facet for each high-Tc electrodes at the bicrystal boundary, optimal 
oxygen content inside the boundary, IcRn-values up to 10 mV, phonon-induced structures on the I-V 
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curves at the voltages from 4 to 12 mV and the ac Josephson effect up to 5 THz. The “ideal” high-Tc 
junctions are characterized by IcRn-values of around 4-5 times below Ambegaokar-Baratoff value of 
πΔ(0)/2 and a high-frequency limit of the ac Josephson effect of much lower than the gap frequency 2Δ/h. 
A suppression of the order parameter of high-Tc materials at the interfaces like grain boundaries, due to 
their short coherence lengths [25] or strain at grain boundaries [26], may be responsible for lower values 
of IcRn and high-frequency limit in high-Tc Josephson junctions. 
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